Purpose: To assess the radiotherapy dose enhancement (RDE) potential of calcium tungstate (CaWO 4 ) and hafnium oxide (HfO 2 ) nano-and microparticles (NPs). A Monte Carlo simulation study was conducted to gauge their respective RDE potentials relative to that of the broadly studied gold (Au) NP. The study was warranted due to the promising clinical and preclinical studies involving both CaWO 4 and HfO 2 NPs as RDE agents in the treatment of various types of cancers. The study provides a baseline RDE to which future experimental RDE trends can be compared to. Methods: All three materials were investigated in silico with the software Penetration and Energy Loss of Positrons and Electrons (PENELOPE 2014) developed by Francesc Salvat and distributed in the United States by the Radiation Safety Information Computational Center (RSICC) at Oak Ridge National Laboratory. The work utilizes the extensively studied Au NP as the "gold standard" for a baseline. The key metric used in the evaluation of the materials was the local dose enhancement factor (DEF loc ). An additional metric used, termed the relative enhancement ratio (RER), evaluates material performance at the same mass concentrations. Results: The results of the study indicate that Au has the strongest RDE potential using the DEF loc metric. HfO 2 and CaWO 4 both underperformed relative to Au with lower DEF loc of 2-3 9 and 4-100 9, respectively. Conclusions: The computational investigation predicts the RDE performance ranking to be: Au > HfO 2 > CaWO 4 .
INTRODUCTION
Au NPs have been the premier material investigated for radiation sensitization since 2000 when they were first injected into tumors by Herold et al., and subsequently further investigated by Hainfeld et al. 1, 2 To date there have been several hundred articles published on radiation sensitization by Au NPs reporting macroscopic dose enhancement factors (DEF mac ) of 10%-100%, but there remains much uncertainty as to the actual tumoricidal mechanism(s). 3 Butterworth and colleagues have reviewed several pathways through which NPs can stress the cell, such as: (a) localizing ionizing radiation in the vicinity of the NP directly damaging DNA, (b) indirect generation of reactive oxygen species (ROS) causing oxidative stress, and (c) cellular-induced stress due to the presence of nanoparticles. 4 Irrespective of the tumoricidal mechanism, in 2011 McMahon and colleagues demonstrated the importance of assessing Au NP dose enhancement at nanometer depths from the NP surface, in contrast to the macroscopic scale. 5 They implemented the Local Effect Model (LEM), and demonstrated the accurate prediction of cell survival fraction after radiation therapy enhanced with Au NPs. [6] [7] [8] The findings by McMahon suggest that a key metric in evaluating novel materials are their DEF loc . We use the DEF loc metric to assess the radiotherapy enhancement of CaWO 4 and HfO 2 NPs to that of Au NPs. To avoid any confusion, all particles in the body of this text are referred to as nanoparticles irrespective of size.
CaWO 4 is a high Z, luminescent material first described by Thomas Edison in the Journal Nature in 1896, and is today being used in the search for Dark Matter due to its scintillation property. 9 Our group has described a synthesis protocol for encapsulating a CaWO 4 NP in a bioinert block copolymer (BCP) micelle, while ensuring the fidelity of these encapsulated-NPs luminescence under excitation. 10 Lee et al. measured the fluorescent peak at 420 nm (2.9 eV), with significant emission <400 nm into the UV spectrum. More recently, our group has demonstrated that PEGylated CaWO 4 NPs provide a higher image contrast (2 9 ) over current commercially available contrast agents due to their high Z property.
11 CaWO 4 's success as a contrast agent warranted a preliminary simulation study on CaWO 4 's RDE.
A second material of interest in RDE applications is hafnium oxide (HfO 2 ), being developed by Nanobiotix. In 2012, Maggiorella et al. reported on HfO 2 's potential for RDE using simulation, clonogenic assays, and in vivo mouse model experiments. 12 As of August 2017, on clinicaltrails. gov, there are seven records of phase I-III clinical trials involving HfO 2 recruiting patients, and with one already completed. [13] [14] [15] Here, in a quantitative comparison of the two novel RDE materials, HfO 2 and CaWO 4 , their potential for radiotherapy enhancement is assessed. This comparison is conducted relative to the extensively studied Au NP; therefore, all figures in the main text are normalized to Au. A table of the normalization values can be found in the Supplemental Material.
METHODS

2.A. General
The simulations conducted in this paper were conducted with the Monte Carlo-based software package: Penetration and Energy Loss of Positrons and Electrons (PENELOPE 2014) developed by Francesc Salvat and distributed in the United States by the Radiation Safety Information Computational Center (RSICC) at Oak Ridge National Laboratory. 16 PENELOPE was chosen due to its ability to deal with a wide range of particle and photon energies (50 eV to >6 MeV) in a variety of materials. The main steering program for the PENELOPE physics model was that of PenEasy developed by Brualla and coworkers. 17 The PENE-LOPE steering program was used to define specific tallies of interests, for example, dose distribution or emission spectrums. The cutoff absorption values were set to 100 eV for both electrons and positrons, and 50 eV for photons; local energy deposition at the surface of the NP (~<10 nm) is therefore somewhat underestimated. 3 The cutoff absorption values are used to decide when to stop following primary or secondary particles or photons whose energies have fallen to a certain level. The simulation parameters C1, C2, WCC, and WCR were set to the recommended 0.1, 0.1, 10, and 10, respectively. Refer to the material from Salvat for more details on the meaning of these parameters, and the sensitivity analysis in Supplemental Material Section 3. 16, 18, 19 Maximum step sizes for the particles were set to <1/10 th the overall thickness of the material. The output units are a quantity per history; the history refers to the number of simulated source photons, c.
2.B. Simulation geometry 1
The first geometry was comprised of a spherical particle in vacuo encapsulated in a detector of infinite absorption. This setup allows for an isolated comparison of the material properties. All three materials were simulated at NP sizes of 3, 10, 50, 100, 200, and 500 nm diameters under monoenergetic, c beams (30, 160, 1200, and 6000 keV). The beam was incident on their cross-sectional areas. The NP in vacuum is an idealization of what is occurring in the medium, where there is the potential for radiation to enter from all sides due to scattering processes and for c beam attenuation. The spectrum of electrons and photons emitted from the NPs was recorded and analyzed quantitatively with two averages of the spectrums, Eqs. 1 and 2:
where Bins is the total number of bins in the histogram over the energy spectrum, n j is the count of particles emitted with energy in the j th energy bin, and E j is the average energy of the j th bin.
2.C. Simulation geometry 2
The second geometry was used to analyze the effect of irradiation in a medium and the radial dose distribution around the NP. The beam source was incident on the NP cross-sectional area. The geometry involves a cylindrical object filled with a medium and one NP of varying size centered at x = y = z = 0. The medium is water with a uniformly dispersed mass concentration of 1 mg of NP material per gram of water. Figure 1 is a representative schematic of geometry 2:
For assessing the relative RDE of the NPs, the DEF loc around a single NP was calculated. The DEF mac is known to not be in good agreement with experimental results, and was not calculated. Instead, McMahon et al. have shown that the Local Enhancement Model (LEM) should be used to predict experimentally measured cell survival curves. 5, 20, 21 Eq. 3 and the linear term in Eq. 4, hDEF loc i, were used to calculate the DEF loc for a given NP material, density (q p ), radius (R p ), c irradiation energy, and depth into the medium (B*Dr):
where
The DEF loc , dose with NP in i th shell/dose without NP in i th shell (Eq. 3), can be volume averaged (Eq. 4) at a certain NP number density,n to determine their RDE (Eq. 5). The dose enhancement can be related to cell survival curves using the semi-empirical, linear-quadratic (LQ) model, not shown here [22] [23] [24] [25] :
hD
where D Base denotes the macroscopic radiation dosage in the absence of any radiosensitizers, and m T denotes the total NP mass in V tot .
RESULTS & DISCUSSION
Above is a representative plot of the electron emission spectrum from the Au and CaWO 4 NPs, Fig. 2(a) . Emission spectrum plots are useful for qualitative analysis between two materials, but are not ideal for quantitative analysis. Therefore, Figs. 2(b) and 2(c), and Supplemental Material Figs. S1(c) and S1(d) display the average energies and counts per Eqs. 1 and 2. The average energy for electrons and photons for Au, CaWO 4 , and HfO 2 are very similar over a wide range of c irradiation energies due to their similar electronic structures. Their atomic numbers are 79, 74, 72 for Au, W, and Hf, respectively. The count weighted by energy gives rise to the following ranking, Au > HfO 2 > CaWO 4 , over varying c irradiation intensities for both electrons and photons emitted, Fig. 1(c) , and Supplemental Material Fig. S1(d) .
As discussed, the DEF loc is a key metric in appraising a new material's RDE. Conducting simulations in geometry 2 and using Eq. 4, the hDEF loc i versus NP size (10, 50, and 200 nm) was calculated for monoenergetic c beam energies of 160 keV and 6 MeV: Figs. 3(a)-3(c) for 160 keV, and Supplemental Material Figures in Section 2 for 6 MeV. The magnitude in these trends will change with depth into the medium due to a decrease in the number and energy of incident photons, but the relative performance should not. The hDEF loc i follows the trend, Au > HfO 2 > CaWO 4 . The significant finding is that Au delivers a significantly higher dose (4-100 9) compared to CaWO 4 . The difference is not as stark for HfO 2 , (2-3 9), but becomes noticeable at the larger NP sizes. The peaks [Figs. 3(a) and 3(d) ] arise from the difference in emission of secondary particles generated from inside the NP of the radiosensitizing material vs the phantom, water NP. The position of these peaks and their magnitude are related to the delicate balance between the exiting particles' energies and the distance traveled before exiting the NP.
26-28
When calculating, the macroscopic dose delivered to a volume from the DEF loc one uses Eq. 5, which considers the overall NP dose enhancement's dependence on the size and the NP density. Taking a ratio of Eq. 5 for two materials, subscripts, at a constant mass concentration and NP size gives a relative effectiveness ratio (RER), Eq. 7:
Equation 7 indicates that even a particle, i, with a larger hDEF loci i may be inferior to a particle, j, with a lower hDEF locj i, but with a much lower density than that of the other material. For Au:CaWO 4, Au:HfO 2 and HfO 2 :CaWO 4 , e is 3.2, 2.0, and 1.6, respectively. This means that the ratio of the hDEF loc i should be greater than e for a given material to be a better option than another. The RER can still be defined when NPs are not of the same size and not at the same mass concentration. For in vivo experiments using two different NPs of the same size/surface chemistry but of different densities, since NP size and surface chemistry predominantly determine uptake, the NP number concentration (but not the NP mass concentration) inside a cell will be the same. One should heed this finding when evaluating particles in vitro where often mass concentrations are held to be the same. Supplemental Material Figs. S2, S3(d)-S3(f) display the RER for Au:CaWO 4, Au:HfO 2 , and HfO 2 :CaWO 4 at 160 keV and 6 MeV, respectively. The RER metric narrows Au's RDE compared to CaWO 4 and HfO 2 , but does not suggest that the new materials would be more biologically effective than Au.
The simulation results are believed to be reasonable as other simulations and experiments have shown DEF loc 's for Au NPs to be on the same order of magnitude, Supplemental Material Section 2 for non-normalized data. 3, [29] [30] [31] It is noted that this work was conducted with monoenergetic beams, whereas in a clinical setting the beams will be spectral in nature. From Fig. 4 , in the most clinically relevant regimes (MeV c energies), there is essentially only monotonic behavior. This monotonicity means that a spectral beam will not affect the conclusions drawn in this study. This analysis consisted of in silico comparisons between the novel 
CONCLUSION
The first head-to-head comparative study of three high Z materials known to be biologically active as radiotherapy agents has indicated that the materials should be ranked in the following order, Au > HfO 2 > CaWO 4 . The ranking was determined from the emission spectrums, hDEF loc is, RERs and c-MACs of the novel materials HfO 2 and CaWO 4 relative to Au. This study solely considered the NP physical enhancement, but as some have pointed out, there are likely other mechanisms at play, for example, chemical enhancement. 29, 33 This study will serve as a baseline for comparison to experimental studies of the three materials in the coming years. If the materials are found to not follow this ranking, it will lend evidence to the fact that more is needed when accessing the role NPs play in RDE. Contrarily, if the materials follow this ranking, the DEF loc metric and the LEM model will gain further merit.
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